Air traffic controller workload is considered to be an important limiting factor to the growth of air traffic. The difficulty of an air traffic control task can be analyzed through examining the problem's solution space, that is, all possible vector commands that satisfy the constraints of safety, productivity and efficiency. But apart from deriving metrics for workload, a visualization based on the solution space, resulting in the Solution Space Diagram, could help the controller in managing the air traffic. An experiment was conducted in which two different levels of traffic density were tested in order to evaluate the effects of presenting the Solution Space Diagram on controller workload. The experiment entailed the task of merging aircraft into a single route and subjects provided subjective ratings of workload at fixed intervals of time. Depending on traffic level and subject experience, significant effects of the Solution Space Diagram were found on the reduction of controller workload.
II. Construction of the Solution Space Diagram
The construction of the diagram in its simplest form (two aircraft flying straight paths) is explained first, since it will give an idea of the basics for the diagram elaboration. The solution space in its simplest form was initially called the Forbidden Beam Zone (FBZ), based on the premise that conflicts between aircraft can be easily observed in the relative velocity plane. Consider a controlled (A con ) and an observed (A obs ) aircraft, as depicted in Figure 1 (a). The circle around A obs is the separation minimum that must not be violated, therefore, the velocity of A con relative to A obs should not lie inside the tangent lines. The area inside these tangent lines was labelled the Forbidden Beam Zone, the FBZ. Essentially, the FBZ comprises the set of relative velocity vectors that lead to conflicts, namely V rel con f lict , and it can be used to identify conflict vectors for A con : V con con f lict = V rel con f lict + V obs (1) By just adding the velocity of A obs to the FBZ traced in Figure 1 (a), a basic Solution Space diagram is created for A con . The diagram, depicted in Figure 1 (b), further shows a large and a small circle in order to include the aircraft performance limits, i.e., the maximum and minimum speed, respectively. Now, the SSD effectively shows all (combinations of) heading and speed commands that can be issued to A con that will not lead to a loss of separation with the other aircraft within the look-ahead time for which the calculation is performed. When more aircraft are present, their FBZ's simply 'add up'. 24 That is, each aircraft nearby A con excludes a part of the solution space available for air traffic controllers to give vector commands to that aircraft. Note that the velocity of the other aircraft can be deduced from the location of the FBZ 'origin', see Figure 1(b) The basic traffic situation depicted in Figure 1 (a) (two aircraft flying at constant speed and heading), yields a triangular shaped FBZ. If the trajectory intentions of the set of observed aircraft are available, the shape of the FBZ becomes more complex. This problem has been tackled in the previous solution space projects 20, 21 by approximating curved trajectories with a series of straight paths. This approach would yield as many triangular FBZ's as straight paths used to approximate the trajectory, and the final Solution Space Diagram would be constructed from an analysis of the intersection of all these FBZ's.
A newer method 22 makes use of trajectory equations to calculate the envelope equation of the projected protected airspace of the set of observed aircraft. Since algorithm complexity and computation times are much lower, the method is appropriate for fast-time simulation purposes and was the method of choice for the research presented here. shows an example of the SSD, drawn for one particular aircraft that is under control of the ATCo. In this example, the aircraft under control is surrounded by four other aircraft. The shaded areas indicate the combinations of speed and heading commands that can be issued to the aircraft under control, which lead to separation violations. Each of the four shaded triangular areas in Figure2 is caused by one of the aircraft in the vicinity. Here, the current aircraft speed (200 kts) and heading (100 deg) lead to a conflict, and as a result the heading is changed by the controller to 55 deg. Note that the SSD shows the situation for just one aircraft; when another aircraft is selected, the picture will generally look very different. Further note that the diagram shows three headings, belonging to route points used in the simulation, discussed in more detail in the next section.
III. Simulator setup
A simulator was developed to test the main hypothesis explored in this paper, using Matlab™. A screenshot of its layout is shown in Figure 3 . Please note that the coloring and font sizes have been changed so that the image could be printed out with clarity. The simulator included a Plan View Display (PVD) of the airspace on the left side, and the Solution Space diagram at the top right. A set of virtual buttons to give instructions to the aircraft within the sector (colored white in Figure 3 ) was located at the right, below the SSD. These instructions could also be given directly on the diagram itself.
The setup explained here contains certain elements that may drive the experiment away from the reality of the ATC task it was meant to emulate. The simplification has the benefit, however, of reducing training time and learning effects, and simplifying the experiment setup.
III.A. The Airspace
The airspace contained the following items:
• The sector to be controlled, inside which aircraft can accept commands. Aircraft surrounding the sector were presented but could not be controlled.
• A 50 km scale at the bottom left was added to give the controller a notion of the size of the sector.
• The route in which aircraft were to be merged was indicated on the PVD. Route points' names were also shown (see Figure 3 , these names were: RIVET, ODALE and HOOKS). The last point of the route (HOOKS) served as the sector's exit point. A proper exit was defined as an aircraft with a merging trajectory (green colored tag, explained in the next paragraph) directed to this point, with speed 180 kts.
• Aircraft:
-Two types or aircraft were present in the simulation, 'heavy' and 'light', with speed ranges 160-250 kts and 120-250 kts, respectively. Different sizes of aircraft icons were displayed on the PVD to provide the notion of different aircraft types. -Different colors were used for the aircraft symbols. When in conflict, the aircraft involved would turn red. After a "Direct To Route Point" or "Intercept Route" command was issued, the color of the data tag would turn from yellow to green. In other words, a yellow tag would mean an aircraft flying "free" (just straight ahead, and waiting for a command) and a green tag would mean an aircraft with a merging trajectory. The selected aircraft would also show a circle around it, representing the 5 NM separation radius assumed for this research. -Aircraft symbols were shown with a tag, and the information in the tag included: * First line: aircraft callsign, * Second line: current speed→set speed (in knots), * Third line: current heading→set heading
III.B. The Solution Space diagram
Besides the items already explained in Section II, some additional features were present in the simulator SSD:
• A medium size circle, representing a speed of 180 kts, since subjects were asked to have all aircraft exit at this speed (performance indicator).
• Set and current velocity vectors (to give the notion of the transition between states).
• A set of heading lines (one for every route point) that represent the heading commands that should be given in order to have the aircraft flying towards one of the three route points.
• Conflict areas colored with different tones of blue for other aircraft that already have an established trajectory, and different tones of gray for aircraft that are flying free.
The latter color difference was adopted because in a high traffic scenario the SSD could become almost completely covered. Without the color coding, the complex lumped area that results from the FBZs of all aircraft in the vicinity may leave the controller with very few choices and could lead him or her to restrain from using the aid. With the color coding, the controller can see whether the vector command yields a future conflict with a free aircraft or an aircraft that has already been given a merging command. In the first case, this would not be so much of a problem since the free aircraft eventually will be given a merging command as well. Therefore, the color coding was expected to provide the controller with more confidence in giving merging velocity commands that may lead to an unlikely conflict (as they will be dealt with later) with free aircraft.
The Solution Space diagram acted also as an interface for the controller, if a click was given inside the minimum and maximum speed circles, the corresponding vector command was issued to the selected aircraft. That is, even when the solution space areas were not shown, the diagram still provided the same basic functionality to give vector commands to aircraft.
This interface setup was selected because other type of input would add an extra task to the controller. It is of great importance to maintain interface and equipment demands low, since the main task of the controller is to maintain the "mental picture" of the airsector, and by including the diagram a momentary diversion of the controller's attention from the airsector is introduced.
By hovering the mouse cursor over the diagram, the potential selection vector was drawn and next to it two lines of information indicated the speed and heading corresponding to this command, see Figure 4 (a). A thick black line represented the current speed/heading of the aircraft. To display potential selections, speed was rounded off to the nearest 5 kts multiple, and heading to the nearest 5 deg multiple.
The mouse's scroll wheel was used to issue speed changes at constant heading. With the mouse hovering anywhere on the diagram, scrolling the wheel would show a thicker bar below the current vector to visualize the potential selection. For example, depicted in Figure 4 (b) is a situation where the aircraft is flying at maximum speed (thick black line) and with some scrolls down a thicker (lighter color) bar is drawn under the current vector but with a speed of 210 kts. Scrolling up or down would either increase or reduce the selected speed. After scrolling to the desired speed, a left mouse click would make the command effective. Similarly, heading changes at constant speed were implemented with the mouse's right button. Making a right click on the SSD would draw an arc of constant speed that would follow the pointer's position, Figure 4 (c). Left clicking the mouse at the desired heading would make the command effective.
III.C. Route interception buttons
The interface included four additional buttons in the lower right corner, see Figure 3 . One of these was the "Intercept Route" button, the other three were "Direct to Route Point" buttons. These were used to direct the aircraft either to intercept the route (i.e., maintain the current heading and speed until the route is crossed and then continue along the route) or to fly to a particular route point (there were three: RIVET, ODALE and HOOKS) and from then on stay on the route. When one of these buttons was clicked, the selected aircraft tag would turn from yellow to green to notify the controller that that particular aircraft was no longer flying free and had a proper merging trajectory.
III.D. Instantaneous Self Assessment
Every decision an ATCo takes has its consequences in the future, which means that the task, and in fact the experiment as a whole, has a dynamical nature. The workload experienced by the controller will vary in time, and each controller will experience a different workload. Hence, when workload is measured, it must be done at different points in time.
From the many different developed techniques for subjective workload determination, the Instantaneous Self Assessment (ISA) method is one of the simplest tools with which an estimate of perceived workload can be obtained during real-time simulations or actual tasks. 23 This method requires the operator to give a rating between 1 (very low) and 5 (very high), either verbally or by means of a keyboard, of the workload he/she perceives.
This method has shown to be highly correlated with the NASA Task Load Index and other workload measures. 25 Taking also into account the ease of implementation and its low intrusiveness, this method was considered to be well suited for the current experiment.
The method was implemented with some minor change. In order to increase the method's resolution, a scale from 1 (very low) to 7 (very high) was used instead of the usual 5 point rating scale. This scale was provided with a regular computer keyboard, in which keys were colored from full green (1) to full red (7) . Every 60 seconds, the subject was asked to do a subjective rating of his/her workload by means of a red blinking message shown on the PVD in an area not taken up by the visualization of traffic.
IV. Experiment
Previous related experiments demonstrated the potential use of the solution space as a base for calculating sector complexity metrics, using only the initial static version 20 or the dynamical presentation. 21 As demonstrated earlier, the solution space is a continuously changing diagram, and it is the interaction of the ATCo with this dynamic behavior what this experiment aims to analyze.
IV.A. Experiment goal
In order to investigate the potential of presenting the SSD while executing the ATC task of merging aircraft into a single route, an experiment was executed. Subjects performed in two different levels of traffic density with and without the SSD as an aid, by giving heading and velocity commands.
The main goal of the experiment was to determine whether presenting the SSD can alleviate ATCo workload in the task of merging aircraft. The effects of the SSD on performance indicators such as the number of commands given, the number of aircraft in the sector, and the number of separation violations, were investigated as well.
IV.B. Subjects and instructions
Twelve subjects participated in the experiment. Four subjects were experienced air traffic controllers, four had recently received an extensive hands-on ATC instruction course and the final four were graduate students from the Faculty of Aerospace Engineering at Delft University of Technology. These three populations are from now on named as ATCo's, Experts and Students, respectively. The ATCo's ages ranged from 35 to 61 years (µ = 49.25, σ = 11.96), the Experts' ages ranged between 27 and 47 (µ = 36.75, σ = 9.32), and the Students' ages ranged between 24 and 26 (µ = 25.00, σ = 1.16).
Subjects were briefed on the experiment goal and on how they should interact with the interface. They were requested to merge all aircraft into the single route, trying to avoid separation violations, and have all aircraft exit the sector at 180 kts. It was also notified that no altitude changes were possible and that an aircraft leaving the sector without being merged to the route would make a turn in the neighboring sector before returning to the controlled sector.
In order to get the subjects familiarized with the interface and thus avoid learning effects during the experiment as much as possible, subjects performed two training scenarios, each lasting for ten minutes. The first scenario had a very low traffic intensity and the Solution Space diagram was not presented, so subjects could focus on using the interface to give the commands they meant to give. The second scenario offered a higher level of traffic, with the Solution Space diagram available and aimed to have subjects interact with the diagram and learn how to interpret it.
After subjects confirmed their understanding of the procedure and the use of the ISA workload rating, four full scenarios were performed.
IV.C. Independent variables
Two independent variables were present in the experiment, each with two levels: the Solution Space display (On/Off) and Traffic (Low/High). This results in four experimental conditions. The Traffic conditions are discussed below.
When the Solution Space display was 'On', all the forbidden beam zones of aircraft nearby the aircraft under control were shown, as illustrated in Figure 3 . Subjects could control the aircraft using the SSD interface, as discussed in the previous section. When the SSD display was 'Off', the interaction functionality remained the same, but the forbidden beam zones were not shown.
A within-subjects design was used, with each subject performing one run with each experimental condition. The runs were balanced with the Latin Squares design shown in Table 1 . Table 1 . Orthogonal Latin square design for four treatments.
It is evident from Table 1 that twelve subjects were needed in order to have a balanced design for a four treatment experiment. Each of the twelve subjects that participated in the experiment was randomly assigned to a sequence from Table 1 .
IV.D. Scenarios

IV.D.1. Traffic conditions
Incoming streams were located at three fixed locations, as observed in Figure 3 . A new aircraft was created every 200 seconds for the low traffic condition, and every 150 seconds for the high traffic condition, simulated time. After being created, the aircraft was randomly put at the beginning of one of the three streams.
The initial traffic condition was identical in scenarios with common traffic level, showing 11 aircraft in the low condition and 13 in the high condition. Preliminary tests showed that these number of aircraft were appropriate to rapidly achieve a steady number of aircraft in the sector, thus reducing the duration of transition effects.
IV.D.2. Aircraft kinematics
The motion of aircraft was simulated by means of kinematic equations. A constant acceleration (or deceleration) of 3 m/s 2 (5.83 kts/s) and a constant heading change rate of 3 deg/s were used to compute trajectories for both heavy and light aircraft. The only difference between heavy and light aircraft was their velocity envelopes, 160-250 kts and 120-250 kts, respectively.
IV.D.3. Simulation speed and time
In an attempt to gather more information of the dynamics of events, avoid under-achievement from the controllers, and following the procedure of previous experimentations, 20 , 21 a faster than real-time simulation was run, i.e., 4 times as fast as real-time. With this simulation speed, every scenario was run for 20 minutes real time, with some break between scenarios. From now on, every discussion will be elaborated on in simulated time and not in real time, unless noted otherwise.
IV.D.4. Solution space prediction time and geometry of the sector
Sector and route geometry were kept constant throughout all scenarios. With this geometry setup, and depending on the traffic condition, the time an aircraft would stay inside the sector would on average be around 6 or 8 minutes, real time.
Previous research of the assessment of the solution space properties concluded that in a four times fast-time simulation, operators would try to plan ahead the development of events approximately ten minutes in real time. 21 With these reasons in mind, for the scenarios were the aid was available, the solution space was calculated to display information relevant to trajectories 10 minutes ahead of real time.
IV.E. Dependent measures
Every experimental run was followed by a questionnaire in which quantitative and qualitative data were gathered. Similar to the ISA rating scale of workload used during the experiment, subjects were asked to give a rating from 1 to 7 (ranging from "Not much" to "A lot") to four questions, together with two questions soliciting open comments. These questions are shown in Table 2 . Table 2 . Questions answered by subjects after every experimental run.
Subjective rating questions 1 How high was the workload you experienced during this scenario? 2 How would you consider the level of traffic you had to handle? 3 How much did the aircraft mix (heavy and light) contribute to the workload level you experienced? 4 How much did the simulation speed contribute to the workload level you experienced?
Comment questions 1 What do you think was hard in this scenario? 2 What do you think made this scenario easy?
During the experimental runs, besides the ISA ratings of workload performed every minute, other variables were monitored in order to get more insight of the subjects' performance:
1. Number of Commands. Every click in either the Solution Space interface, one of the "Direct to Route Point" buttons, or the "Intercept Route" button was counted as one command. Despite the fact that a click on the Solution Space interface can have the effect of giving two commands (heading and speed changes), we assume that one click cannot represent a cognitive effort worth of two commands. The contribution of all these types of clicking commands to the total summation of the number of commands was also calculated in terms of percentage.
2. Exit Speed. Subjects were instructed to slow down aircraft and have them exit the sector at 180 kts. As a performance indicator, the root-mean square (RMS) value of the exit speed of all delivered flights a in every scenario was measured.
3. Aircraft Count. The RMS value of the number of aircraft inside the sector (not in the entire visualized airspace), measured every second (simulated time).
4. Number of conflicts that occurred during every simulated scenario. A conflict was defined as a distance between aircraft smaller than 5 NM.
Extra Distance Ratio:
For each aircraft, the most efficient trajectory would be a straight line from the point at which the aircraft enters the sector to HOOKS. Any other trajectory adds to this distance. The extra distance ratio for every delivered flight was calculated as:
where d i jk was the actual flown distance of flight k, controlled by subject i in scenario j, and d i jk min the minimum possible distance for that flight. The RMS value of the extra distance ratio of all delivered flights per subject and scenario constitutes this dependent measure.
6. Smallest Aircraft Separation. The RMS value of the smallest separation of all delivered flights during their passing through the sector.
7. Sector Time. The RMS value of the time aircraft were kept in the sector before being delivered.
IV.F. Hypotheses
We hypothesized ATCo's to make use of the SSD only at high traffic intensities. At low traffic, their skills and experience alone would be enough to achieve the task they were instructed to do and no aid would be necessary. Therefore, ATCo's are expected to give significantly lower subjective workload ratings in a high traffic condition when the SSD is present than when it is not. The second hypothesis was to observe significant effects of Traffic (Low/High) on all dependent measures. Clearly, a higher traffic density yields an increase in aircraft count, the number of commands, is likely to increase the number of conflicts, etcetera.
V. Results
V.A. Data exploration
V.A.1. Outlier analysis
For all the dependent measures, only a few outliers occurred. The RMS value of the exit speed difference showed 6 outliers from 3 subjects, each of these belonging to a different population group. Its box plot showed a nonnormal distribution, but because removing the outliers yielded a distribution that was still significantly different than normal, no data were removed.
The RMS of the smallest separation showed 3 outliers from different subjects and different population groups. In this case, if it wasn't for the outliers, the distribution would be very close to normal. Removing all subjects with outlier values was not an option, however, because they represented 25% of all tested subjects. With these reasons in mind, the outlier values were changed in order to be located at two times the standard deviation from the mean of every scenario's measurement, as suggested in literature. 26 
V.A.2. Data analysis and transformation
The assumptions of normality and homogeneity of variance that an Analysis of variance (ANOVA) undertakes were tested on all continuous dependent measures in order to opt for either this parametric test or for Friedman's non-parametric ANOVA.
Dependent measures that satisfied normality with the Shapiro-Wilk test and homogeneity of variance with Levene's test were Number of Commands, RMS of Aircraft Count, RMS of Extra Distance Ratio, RMS of Smallest Separation and RMS of Sector Time.
a A delivered flight is defined as an aircraft that has left the sector with direction to the route point HOOKS. Note from Figure 3 that this exit point is just outside the sector.
of 18
American Institute of Aeronautics and Astronautics
The subjective ratings performed in the questionnaire and the ISA ratings performed during the simulation were all measured in an ordinal scale, i.e., a ranking in terms of degree that has no established numerical difference between rankings. In other words, the scale used was ordered because it goes from 1 (very low workload) to 7 (very high workload), but the increase in workload necessary to increase the rating from 1 to 2 is not necessarily the same as the one required for increasing it from 6 to 7.
This impossibility to interpret differences of measured values in a quantitative sense makes the use of parametric methods based on means (such as ANOVA) strictly inappropriate, although those methods are quite often used in spite of this. 27 For data analysis, an ordinal scale requires a permissible transformation that preserves its ordinality and one of them is the log transformation. 28 Therefore, an Ordinal Logistic Model 29 was used:
where:
• y is the observed subjective rating,
• j contains the elements of the ordinal scale,
• µ j is a threshold level for every element in the ordinal scale,
• β k are the estimates of the effects (main and interaction effects) of the independent variables, • x k are values of the independent variables. In the case of the SSD, '1' represented scenarios where it has been displayed and '0' scenarios in which it has not. The traffic variable had '1' assigned to scenarios with high traffic and '0' to scenarios with low traffic.
The use of this model is, however, conditioned by the number of samples available. Literature 30 suggests, for example, that in an experiment with two continuous predictors and one categorical output, approximately 730 samples are required to detect partial effects of the predictors.
In our case, 960 (12 × 4 × 20) samples were available from the ISA ratings of workload, but for the analysis of the subjective ratings in the questionnaire only 48 (12 × 4) samples were available. Thus, ISA ratings were analyzed with the above mentioned model, and the questionnaire responses were analyzed with Friedman's ANOVA.
An important indication of the controller's strategy is the use of the three route points in the sector (RIVET, ODALE and HOOKS). The total contribution of all Direct To Route Point clicks to the Number of Commands was analyzed with a parametric method (ANOVA), but the level of usage of every single point had to be analyzed differently. The output in this case is nominal, because it is not possible to establish an ordinal relationship between all three route points. Therefore, a Multinomial Logistic Regression model was applied, 31 which follows:
• j * , represents a baseline category, in our case route point HOOKS, • j, represents other output categories, in our case route points RIVET and ODALE, • β k j is the estimate of effect k on output category j, • x k and y have similar definitions as those from Equation 3 .
With this model, 1,314 samples were analyzed.
V.B. Performance metrics analysis
The main dependent measures are shown in the form of box plots in Figures 5 (measures related to the number of commands issued) and 7 (the remaining metrics). Figure 6 shows the interaction effects that will be discussed using ANOVA.
Note that Mauchly's test of sphericity is not an issue in this design since every within-subject factor (SSD and traffic) has less than 3 levels. Table 3 (a) shows the results of the factorial ANOVA analysis, with all effects significant at the level of p < 0.05 underlined.
It was hypothesized to observe highly significant effects of Traffic on all dependent measures. And indeed, the only measure that showed no significant traffic effect (in fact, showed no significant effects at all) was the Intercept Route clicks (expressed as percentage of total number of commands).
Interestingly, Table 3 (a) shows non-significant effects between different population groups, but in some cases a clear interaction between population group and one of the other independent variables. 
V.B.1. Number of Commands
There were significant main effects of traffic and the SSD on the Number of Commands (N com ) that were issued. This finding was backed with post-hoc tests (pairwise comparisons), which indicated that, irrespective of other predictors, the increase of traffic led to an average increase of 50 commands (p < 0.001) and the SSD, irrespective of other predictors, led to an averaged decrease of 17 commands (p < 0.001), Figure5(a).
Regarding the latter, a significant interaction with the population group was found, see Figure 6 (a), as the reduction of N com only appeared for the Student and Expert groups. The reduction for the ATCo group was there as well, but much smaller and not significant. An analysis of contrasts was performed to analyze differences at the group level. The contrast between the Experts and the Students groups showed no significant differences amongst them (t(9) = −0.58, p > 0.05, 2-tailed), but the contrast between the ATCo's and Students groups showed highly significant differences (t(9) = −3.31, p = 0.009, 2-tailed).
V.B.2. Solution Space Interface Clicks percentage
The contribution of the number of clicks made on the SSD interface to the total number of commands was significantly affected by traffic, the SSD and the interaction between the latter, as well as the various population groups.
Pairwise comparisons showed that, irrespective of other predictors, the increase of traffic led to an averaged increase of 5.8% clicks on the interface (p < 0.001). The SSD led to an averaged decrease of 2.4% in clicks (p = 0.002), irrespective of other predictors, Figure 5(b) .
An analysis of contrasts revealed that, irrespective of traffic, the Experts were not influenced by the SSD significantly different than Students (t(9) = 0.74, p > 0.05, 2-tailed), and the SSD influenced Students to make significantly less clicks on the interface than ATCo's (t(9) = −3.19, p = 0.011, 2-tailed).
An interaction plot is shown in Figure 6 (b). From it, it becomes clear that the SSD significantly induced the Students to make less clicks on the interface at low traffic only, while Experts significantly reduced their clicks on the SSD at high traffic. ATCo's, on the other hand, increase theor clicks on the SSD for high traffic, a small and not significant effect.
V.B.3. 'Direct To' Clicks percentage
ANOVA results show that this measure was significantly affected by traffic, at the p < 0.05 level. Pairwise comparisons indicated that, irrespective of other predictors, the increase of traffic led to an averaged decrease of the number of Direct To clicks of 7.0% (p < 0.001), Figure 5(d) .
The interaction effect of the SSD with different population groups showed to be significant only at the p < 0.1 level. An analysis of contrasts showed that, irrespective of traffic, Students and Experts did not behave significantly different with the SSD (t(9) = −0.15, p > 0.1, 2-tailed). Taking the traffic factor into account, from Figure 6 (d), the SSD had the effect of increasing the Direct To clicks of Students at low traffic only, and of Experts at high traffic.
The analysis of contrasts also revealed a non-significant difference between ATCo's and Students (t(9) = 2.08, p > 0.1, 2-tailed). Figure 6 (d) clarifies this result; note that ATCo's tend to make less use of these type of commands with the SSD.
The analysis on the preference of the three route points to which traffic was directed with these type of commands is discussed later in Section V.D.
V.B.4. Smallest separation
The main effect of traffic and the interaction effect between the SSD and traffic proved to be significant on the smallest separation between aircraft. Pairwise comparisons revealed that in the low traffic condition, the SSD induced a significant increase of the minimum separation averaged to 0.357 NM, p = 0.032, whereas in the high traffic conditions the SSD induced a non-significant reduction of the minimum separation, averaged to 0.071 NM, p = 0.487. Such interaction effects are depicted in Figure 6 (e).
V.B.5. Sector Time
The traffic level produced a significant effect on the average time an aircraft spent in the sector, Figure 7 (f). As a post-hoc test, pairwise comparisons revealed that an increase of traffic results in an, on average, 4.5 minutes increase in sector time (p < 0.001). The SSD had no effect on sector time at all.
Once again, no significant differences were found at the group level. However, a significant interaction of population group and level of traffic was found. Further analysis revealed that the contrast between the Experts and Students group was not significant (t(9) = −1.06, p > 0.05, 2-tailed), but the contrast between the ATCo's and the Students group was highly significant (t(9) = −3.54, p = 0.006, 2-tailed), see Figure 6 (f).
V.B.6. Aircraft count, Extra distance travelled
The Aircraft count and Extra distance travelled metrics were not affected by the SSD. Only the traffic level had a significant effect on these measures, with a higher aircraft count and larger extra distance travelled for the high traffic level, as was hypothesized.
V.B.7. RMS Exit speed, Number of conflicts
The non-parametric variables, the RMS of Exit Speed and the Number of Conflicts, were both analyzed using Friedman's ANOVA. In this analysis, low and high traffic scenarios were compared among themselves in order to test the effects of the SSD. No significant effects were found at all, as shown in Table 3 (b).
V.C. Workload analysis
V.C.1. ISA ratings
With 20 ratings per simulated scenario, 12 subjects and 4 scenarios per subject, 960 subjective ratings of workload were measured during the entire experiment.
The ISA ratings were analyzed with the probabilities model in Equation 3 . 29 Results of the Ordinal Logistic regression are shown in Table 4 (a). All two-way and three-way interaction effects were not included in the model, as they showed non-significant effects. The estimates show that the categorical predictor Group had no significant effect in the model. This provides sufficient evidence that those estimates should be removed from the model.
The cumulative probabilities of this model are compared to those of the actual responses in Figure 8 (a) to have an appreciation of the model fit. With this model, the effects of the SSD and traffic can be illustrated in a probabilities distribution graph, Figure 8 Note that Table 4 (a) includes a column with the exponential of the parameter estimates of effects. These values represent the estimated effects on the odds 31 and with these, the results were given the following interpretation:
• Other things been equal, the odds of rating higher scores when traffic level is high are about 13.053 times as high as those when traffic level is low, and • Other things been equal, the odds of rating higher scores when using the SSD are about 0.678 times as high as those when not making use of it.
In other words, increasing traffic will most likely increase the scores of subjective ratings of workload, and showing the SSD will tend to reduce them. These effects were as hypothesized.
To complete the graphical appreciation of the model fit, a Goodness of Fit (GOF) test would be ideal. However, evaluations and comparisons of GOF tests are limited for these logistic type of models, 32, 33 and therefore, the use of Hosmer-Lemeshow, 34 Pearson or Deviance GOF tests are common practice. The Hosmer-Lemeshow test could not be used in our case, since it is available only for binary response models and continuous predictors.
A very important remark on Pearson or Deviance GOF tests is that they require replication, because the statistic can be inflated by low expected frequencies. 35 In fact, literature 36 suggests that at most 20% of the cells (a cell being every element of the contingency table made from the combination of all levels of the independent variables) should have an expected count lower than 5, and no cells should have a zero count.
If a contingency table of the collected data was to be built with population groups, scenarios and subjective ratings, 23.8% of the cells would have counts lower than 5. In fact, in some scenarios a subjective rating as high as 7 was never given, and in one scenario a subjective rating as low as 1 was never given as well, so some cells would have zero counts. With this reasoning, a goodness of fit estimation with Pearson or Deviance statistics is not possible in this case.
Therefore, and in order to examine the results, Friedman's ANOVA test was performed. The effects of the SSD are shown in Table 4 (b). As expected, traffic showed to be highly significant for every population group (χ 2 (1) > 44, p < 0.001) and is not included in the above mentioned table. Results show that the mean ranks tend to be smaller when the SSD is displayed (higher ranks indicate higher workload levels). However, this effect of the SSD was only significant for the Students and Experts groups when traffic level was low, and not when it was high. On the contrary, the ATCo's group showed a significant reduction in workload ratings only when the traffic level was high. Figure 9 shows the ISA workload ratings probability densities for each of the three population groups. Apparently, as far as the ISA workload ratings are concerned, the SSD had the significant effect of reducing workload at low traffic for Experts and Students. On the other hand, when traffic level was increased, and even though the number of commands were reduced, the diagram did not significantly induce subjects from the mentioned population groups to give lower subjective ratings of workload. As mentioned, Figure 9 (c) shows that ISA ratings decrease with the SSD for ATCos', but only at the high traffic density.
V.C.2. Questionnaire workload-related responses
The effects of the independent variables on the four items interrogated in the questionnaire are shown in Table 5 . Figure 10 shows the observed probability distributions of the subjects' answers to the first question.
Note that in the case of question 1 (How high was the workload you experienced during this scenario?) the effect of traffic on the Experts group when the SSD was off showed to be non-significant (p = 0.083). Considering also that there is substantial evidence from the ISA ratings analysis that traffic had a highly significant effect in all population groups (χ 2 (1) > 41, p < 0.001), we conclude that a larger group of test subjects would be required in order to have valid results.
V.D. Controllers' strategy
The use of the three route points to which traffic was directed was analyzed with a Multinomial Logistic Regression, Equation 4 . The results of this probabilities model, shown in Table 6 , were computed with the route point HOOKS as reference (the sector's exit point), therefore the parameters of the other route points are described.
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American Institute of Aeronautics and Astronautics As a goodness of fit indicator, the model's deviance was calculated as χ 2 (4) = 1.611, p = 0.807. Hence, the null hypothesis of the goodness of fit test (the data follow the specified distribution) can not be rejected.
Similarly to the Ordinal Logistic Regression explained earlier, the exponentials of the parameters were calculated to show the odds of selecting route points RIVET or ODALE instead of HOOKS for every one unit increase of the model predictors. However, and in order to have a better understanding of these odds, all relevant exponentials were multiplied to separate every population group in every scenario, and are shown in Table 7 .
The results of this table show, for example, that the odds of Students selecting route point RIVET, at the low traffic condition and with the SSD off, were 0.088 times as "high" as those of selecting route point HOOKS to direct traffic. Therefore, a clear 'preference' of point HOOKS over RIVET exists.
In almost all conditions, ATCo's made the least use of points RIVET and ODALE. The effect of traffic and the SSD on the ATCo's was similar: they both increased the usage of other route points different than the exit point.
These effects are very much the same for Students. The main difference, however, is that traffic influenced them to select route points RIVET and ODALE much more than it did to ATCo's.
On Experts, the effects were somewhat different. The most used point was always ODALE. This preference was not so drastically changed by traffic as it was for Students. Also, the SSD induced Experts to reduce the usage of points RIVET and ODALE, which indicates more aircraft being direct to the exit point HOOKS.
These results can be visualized with the probability distributions shown in Figure 11 .
VI. Discussion
VI.A. Number of Commands and Workload Ratings
Apart from the significant effect of traffic density in increasing the operators' Number of Commands, the Solution Space diagram played an important role in reducing them, although significantly only for the Students and Experts groups. The post-hoc test elaborated on this measure showed that the Students group did not behave significantly different than the Experts group, but significantly different than ATCo's. These results indicate that the Solution Space diagram had the effect of significantly reducing the Number of Commands of Students and Experts in a similar proportion, but such reduction for ATCo's was not large enough to be significant. Several studies indicate that Aircraft Count and Number of Commands have the highest influence on subjective ratings of workload. 5 In the present study, the SSD significantly reduced the Number of Commands for population groups that had no real world ATC experience. Aircraft count was not significantly affected by the diagram.
As far as the ISA workload ratings are concerned, the Solution Space diagram had the significant effect of reducing workload at low traffic for Experts and Students. On the other side, when traffic level was increased, and even though the number of commands were reduced, the diagram did not significantly induce subjects from the mentioned population groups to give lower subjective ratings of workload.
Some subjects commented that the SSD took their focus away from the airspace view obtained through the plan view display. We may conclude that the diagram reduced the workload of people without real world ATC experience when they did not feel overwhelmed by the traffic level, whereas at the high traffic level the diagram became detrimental for workload as it diverted attention away from the sector under control.
The ATCo group showed a non-significant reduction in Number of Commands with the Solution Space diagram. The final subjective rating of workload given in the questionnaire indicates that this population group tended to find the diagram detrimental to workload in the low traffic condition. In contrast, the analysis of ISA ratings of workload showed the diagram significantly reduces workload at the high traffic condition.
The comments of ATCo's on the Solution Space diagram, both at low and high traffic, indicated that it was a tool that distracted them a little from focusing only on the sector and that a little more training would be required. However, one ATCo commented that at the high traffic level the Solution Space aid was very helpful, and another commented that it helped him maintain situation awareness.
We conclude, therefore, that ATCo's workload was reduced with the SSD only when traffic level was high.
VI.B. Controller strategy
With the Solution Space diagram, all population groups were able to increase aircraft separation when traffic density was low. At the high traffic density, aircraft separation was not affected. Since sector time was mostly affected by traffic level, we conclude that the Solution Space interface did neither expedite nor slow-down the aircraft flow in the sector, but helped to keep it safer. With the SSD, Students and Experts reduced their clicking on the Solution Space interface, and while there was no significant change in the route interceptions, traffic was directed more often to route points.
The strategy Students chose for directing traffic to route points was mostly based on traffic level. With the increase of traffic, the route's midpoint (ODALE) was more often used. The Solution Space diagram also increased the frequency of the selection of this point, to a lower extent though. The Experts, on the other hand, increased their usage of the route's exit point (HOOKS) when the solution space aid was available. Therefore, we conclude that with the SSD, Students and Experts did not have to look for empty spaces to fit aircraft and felt more comfortable to direct traffic to route points more often.
ATCo's behaved differently with the Solution Space diagram. They neither increased nor reduced their clicking on the Solution Space interface, made more route interceptions, and directed traffic to route points less. This group aimed more on increasing efficiency and safety than the others. They had the lowest sector times, but these were increased more with traffic than were the Students or Experts sector times. They had a preference for the exit point HOOKS for directing traffic, but the increase of traffic and the Solution Space diagram induced them to increase their preference on route point ODALE.
Since the usage of the route's midpoint (ODALE) was increased, as well as route interception, we conclude that the Solution Space diagram and high traffic density have the similar effect of inducing subjects to adopt earlier route interceptions, which may help them to increase the organization and therefore safety of the sector.
The Solution Space diagram had an important influence in the strategy adopted by the controller. Even though some subjects indicated that it was slightly distracting, and also that they felt they were still in their learning curve, important beneficial effects were observed, like workload reduction and increase of aircraft separation (without affecting sector times). Therefore, we conclude that further research of the effects the diagram has on controllers that received more training seems justified.
VII. Recommendations
This paper investigated whether the workload experienced by an air traffic controller performing a twodimensional aircraft merging task could be reduced by presenting the Solution Space diagram. The experimental results indicate that the SSD can reduce workload in situations with high traffic levels. Results indicate that there might be a traffic threshold level, up to which the diagram is effective in reducing workload. Although a basis for the expansion of the solution space research has been laid, a number of research questions remain.
First, the strategies undertaken by subjects with more experience using the diagram should be compared to those of subjects with less experience. Training experienced ATCo's with the diagram may not be a feasible option, as these operators have been trained for years to work solely with the conventional plan-view display, and their mental strategies may dominate whatever new strategy that may be possible with the SSD. Yet, training other population groups or even educating student air traffic controllers, and analyzing their strategies and performance improvements is a likely avenue of future research.
Second, it would be interesting to consider using real historic data and a real sector to study the effectiveness of the SSD on reducing controller workload, although here the altitude dimension needs to be incorporated first.
Third, it could be that a three-dimensional SSD increases the mental effort required by the ATCo for interpretation. In this respect, perhaps first a two-dimensional diagram that also allows discrete altitude (level) changes could be tested. It remains to be seen whether the additional complexity resulting from including the altitude dimension renders the SSD useless, or not.
VIII. Conclusions
The Solution Space Diagram visualizes the functional constraints on controlling aircraft caused by the trajectories of other aircraft nearby. An experiment has been conducted in which inexperienced and experienced air traffic controllers performed a two-dimensional aircraft merging task with and without the SSD. It is shown that the diagram can reduce air traffic controller workload, in particular in high traffic density situations. Future investigations focus on the question to what level of air traffic density the diagram is still effective in reducing workload, analyze the differences in control strategies between experienced and inexperienced subjects, and consider extending the two-dimensional diagram with altitude constraints.
